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Abstract

Unlike cell lines, human hematopoietic stem cells (HSCs) are less efficiently transduced with
HIV-1 vectors, potentially limiting this approach. To investigate which step (internalization,
reverse transcription, nuclear transport, and integration) limits lentiviral transduction, we
evaluated the kinetics of lentiviral transduction in human CD34" cells. We transduced HelLa and
CD34" cells with self-inactivating HIV-1 vector at low and 10-fold higher MOls, and evaluated
vector amounts at various timepoints based upon the rationale that if a given step was not limiting,
10-fold greater vector amounts would be obtained at the 10-fold higher MOI. We observed slower
internalization (>60 minutes), a peak of reverse transcription at 24 hours, and completion of
integration at 3 days in CD34" cells. In HeLa cells, vector amounts at high MOI achieved ~10-fold
greater values over all timepoints. When compared to HeLa cells, CD34™ cells had a larger
difference of vector amounts between high and low MOIs at 2-6 hours and a smaller difference at
12 hours to 10 days, revealing a limitation in human CD34"* cell transduction around 12 hours,
which corresponds to reverse transcription. In serial measurements of reverse transcription at 24
hours, vector amounts didn’t decrease once detected among CD34"* cells. When using an HSC
expansion medium, we observed less limitation for starting reverse transcription and more
efficient transduction among CD34* cells in vitro and in xenografted mice. These data suggest that
initiation of reverse transcription mainly limits lentiviral transduction for human CD34* cells. Our
findings provide an avenue for optimizing human CD34* cell transduction.
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Introduction

Methods

Hematopoietic stem cell (HSC) targeted gene therapy has the potential to correct various
types of disorders, and recently several groups reported efficacy in clinical trials, mainly for
hereditary immunodeficiency diseases [1-6]. However, improvement of transduction
efficiency for human HSCs remains crucial for further development of gene therapy
especially for non-immunodeficiency diseases, such as the hemoglobin disorders [7, 8].
Human immunodeficiency virus type 1 (HIV-1) based lentiviral vectors were pursued for
efficient transduction for HSCs and long-term gene expression in vivo due to the ability of
HIV-1 vectors to transduce non-dividing cells and integrate into host cell chromosomes [9-
11]. However, even when using HIV-1 vectors, transduction efficiency for human HSCs is
less than various cell lines and mouse HSCs [12-14]. Generally, HIV-1 vectors can
transduce almost 100% of cells in various cell lines (including HeLa cells), while around
10-40% of transduction efficiency is achieved among human CD34" cells, even at high
multiplicity of infection (MOI) [14]. Therefore, we sought to investigate the step(s)
accounting lower transduction efficiency for human CD34* cells with an HIV-1 vector.

In contrast to earlier versions of HIV-1 vectors, current versions contain self-inactivating
(SIN) long-terminal repeats (LTRs) to inactive the LTRs after integration. They are
pseudotyped with other envelopes, such as a vesicular stomatitis virus glycoprotein G
(VSVG) envelope [9], to allow transduction of not only T-lymphocytes but also other types
of cells, including human CD34* cells [15].

Before integrated HIV-1 provirus translates viral genes in infected cells, it involves four
essential steps: (1) internalization of genomic RNA from the HIV-1 virion into cells, (2)
reverse transcription of genomic RNA into DNA, (3) transport of genomic DNA from the
cytoplasm to the nucleus, and (4) integration of genomic DNA into the host cell
chromosomes [16]. We focused on these 4 steps to investigate which step(s) limit lentiviral
transduction for human CD34" cells with HIV-1 vectors.

Lentiviral transduction for HeLa cells and human CD34* cells

An HIV-1 based lentiviral vector encoding enhanced green fluorescent protein (GFP) with a
VSVG envelope was prepared, as previously described [14, 15, 17]. Lentiviral titers
(transduction units/ml) were calculated by the proportion of GFP-positive cells (%GFP)
using a HeLa cell line, as previously described [12, 14]. This viral titer was used to calculate
MOI for both HeLa and CD34* cells. HeLa cells (5x10%) were plated in 12 well dish
containing Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum
in triplicate (n=3). After overnight culture, HeLa cells were transduced with the HIV-1
vector at MOI 0.5 or 5 with 8ug/ml polybrene. After one day exposure (and every 2-3 days),
the media were changed to fresh media.

Human CD34" cells were enriched from peripheral blood stem cells mobilized by
granulocyte colony-stimulating factor under a protocol approved by the Institutional Review
Board of the National Institute of Diabetes and Digestive and Kidney Disease [13, 14].
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Human CD34* cells (1x10°) were cultured on RetroNectin (Takara, Shiga, Japan)-coated 12
well plates containing X-VIVO10 media (Lonza, Allendale, NJ, USA) with stem cell factor
(SCF), fms-related tyrosine kinase 3 ligand (FLT3L), and thrombopoietin (TPO) (all
100ng/ml; R&D Systems, Minneapolis, MN, USA) in triplicate (n=3) [13, 14]. After
overnight prestimulation, human CD34* cells were transduced with a GFP-expressing
HIV-1 vector at MOI 5 or 50 with fresh X-VIVO10 media containing the same cytokines.
After one day exposure (and every 2-3 days), the media were changed to fresh media with
the same cytokines. Additionally, a Stemline Il medium (Sigma-Aldrich, St. Louis, MO,
USA) was utilized instead of an X-VIVO10 medium to compare transduction efficiency for
human CD34* cells. X-VIVO10 and Stemline Il serum-free media contain human serum
albumin and no cytokines. Additionally, the X-VIVO10 medium contains human insulin and
transferrin. Both media were supplemented with SCF, FLT3L, and TPO.

%GFP was evaluated by flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes,
NJ, USA) for HeLa cells (14 days after viral exposure) and human CD34* cells (2-3 days
after viral exposure).

Reverse transcription (RT) and quantitative polymerase chain reaction (QPCR)

For analysis of vector RNA and DNA amounts in transduced HeLa and human CD34* cells,
transduced cells were collected at different time points from 5 minutes to 10 days. Total
RNA and DNA were extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and
QlAamp DNA Blood Mini Kit (Qiagen), respectively. Extracted RNA was reverse
transcribed into complementary DNA (cDNA) using reagents and random hexamers from
SuperScript 1 First-Strand Synthesis System for RT-PCR (Life Technologies, Grand
Island, NY, USA). Using cDNA and extracted DNA, HIV-1 specific sequences (around
HIV-1 packaging signal) were amplified using LV2 probe and primers, as previously
described [12, 18]. The vector DNA amounts in human CD34* cells were evaluated by SIN-
LTR probe and primers (detecting integrated SIN HIV-1 LTR), which were designed to
detect integrated vector DNA but not vector plasmids to prevent overestimation from vector
plasmid contamination [19]. TagMan Ribosomal RNA control reagents (Applied
Biosystems, Foster City, CA, USA) were used for standardization. Vector genome amounts
were determined using the ACt method, compared to RNA in HeLa cells at 5 minutes after
viral exposure at MOI 0.5 or DNA in a control cell line including one vector copy per cell
[19].

In addition, we evaluated serial steps of reverse transcription in transduced HelLa and CD34*
cells at 24 hours after viral exposure [20], in which we detected an early phase of reverse
transcription with early LTR probe and primers (HIV-R forward primer: 5’-AGA TCT GAG
CCT GGG AGC-3’, SIN-LTR probe: 5°-ACA CTA CTT GAA GCA CTC AAG GCA
AGC-3’, and SIN-LTR reverse primer: 5’-GTC TGA GGG ATC TCT AGT TAC C-37)
[19], middle phases of reverse transcription with GFP probe and primers [14, 21] and LV2
probe and primers [12, 18], and a late phase of reverse transcription with late LTR probe and
primers (HIV-R forward primer, SIN-LTR probe, and HIV-PS reverse primer: 5’-CCT CTG
GTTTCCCTT TCG C-3°) [19].
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Nuclear isolation from transduced HelLa cells and human CD34* cells

We transduced HelLa cells at MOI 5 and human CD34" cells at MOI 50 with the HIV-1
vector in the same manner. Nuclear fractions in transduced HeLa and human CD34* cells
were isolated using a sucrose gradient, as previously described [22]. DNA was extracted
from nuclear fractions, and vector signals were amplified by qPCR.

Humanized xenograft mouse model

We used male NOD/SCID/IL2Ry"! mice (NOD.Cg-Prkdcseid | L2rgtMWil/SzJ: Jackson
Laboratory, Bar Harbor, ME), following the guidelines set out by the Public Health Services
Policy on Humane Care and Use of Laboratory Animals under a protocol approved by the
Animal Care and Use Committee of the National Institute of Diabetes and Digestive and
Kidney Diseases, as previously described [13]. Mice were injected with 35mg/kg busulfan
(Busulfex; PDL BioPharma, Redwood City, CA) two days before transplantation (n=3-4)
[23]. Following overnight prestimulation, human CD34* cells (2x10° cells per mouse) were
transduced with the GFP-expressing HIV-1 vector at MOI 50 in X-VIVO10 media or
Stemline 1l media with SCF, FLT3L, and TPO, and the next day, these cells were injected
into the tail vein. The transduction conditions for CD34* cells were optimized using HSC
transplantation models for both xenograft mice and rhesus macaques [13, 14]. Following
transplantation, peripheral blood samples were obtained to evaluate %GFP among human
CD45™ cells (human CD45-PE antibody, clone HI30; BD Biosciences) over a period of 24
weeks. Three to four mice were evaluated for each group at all experimental time points.

Statistical Analysis

Results

Statistical analyses were performed using the JMP 11 software (SAS Institute Inc., Cary,
NC, USA). Two averages were evaluated by the student’s t-test. The ratios of vector
amounts at high MOI to low MOI were evaluated by two-way analysis of variance. A p
value of <0.01 or 0.05 was deemed significant. Standard errors of the mean are shown as
error bars in all figures. We transduced HeLa cells and a single donor of CD34* cells in
triplicate (n=3) and performed gPCR for each DNA extracted from the transduced cells in
triplicate.

Evaluation of RNA internalization with an HIV-1 vector in HeLa and human CD34" cells

To determine whether a limitation step exists in lentiviral transduction for human CD34*
cells, we evaluated kinetics of vector amounts in both HeLa cells and human CD347 cells,
which were transduced with a GFP-expressing HIV-1 based lentiviral vector at low and 10-
fold higher MOls (Figure 1a). We transduced HeLa cells at low MOI 0.5 and high MOI 5,
while human CD34" cells were transduced at low MOI 5 and high MOI 50 (based on our
prior work which demonstrated lentiviral transduction in HeLa cells was much more
efficient than in human CD347 cells [13]). Vector genome amounts were determined by
gPCR using RNA and DNA samples extracted from the transduced cells over time. We
assayed 4 transduction steps (internalization, reverse transcription, nuclear transport, and
integration) based upon the rationale that if a given step was not limiting, 10-fold greater
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vector amounts would be obtained from samples transduced at the 10-fold higher MOI
(Figure 1b). The ratios of vector genome at high MOI to low MOI were compared between
HeLa and human CD34" cells.

We evaluated transduction efficiency in both HeLa and human CD34" cells using %GFP
determined by flow cyotometry. Theoretically, following lentiviral transduction at MOI 0.5,
around half of exposed HelLa cells would obtain one (or sometimes two) copy(s) of vector
with GFP expression. We observed 50.8+2.7% at MOI 0.5 and 90.8+2.1% at MOI 5 in
HeLa cells, while in human CD347 cells, %GFP was 8.8+0.5% at MOI 5 and 38.9+0.6% at
MOI 50. When we compared %GFP between both cells at the same MOI 5, 10.3-fold higher
%GFP was observed in HeLa cells as compared to human CD34* cells (p<0.01), confirming
less efficient transduction in human CD34* cells with an HIV-1 vector. HeLa cells can be
suitable for an efficient transduction control for comparison to human CD34™ cells.

To compare internalization of the vector genome between HelLa and human CD34* cells, we
determined vector RNA amounts at 5, 10, 30, and 60 minutes after viral exposure by using
RT-qPCR. The vector RNA amounts in HeLa cells rapidly increased for 30 minutes after
viral exposure and then plateaued at 30 minutes (Figure 2a). In human CD34" cells, a
gradual increase of vector RNA amounts was observed at both MOls over 60 minutes
(Figure 2b). We then compared vector RNA amounts of CD34* cells to HeLa cells at the
same MOI 5, which resulted in lower vector RNA amounts (2.1-3.6 fold) at 5-30 minutes
(p<0.05 at 5 and 30 minutes) and equivalent vector RNA amounts (1.0-fold) at 60 minutes
(Figure 2c), suggesting slower internalization in human CD34* cells as compared to HeLa
cells. When we compared vector RNA amounts at high to low MOIs for both cells, vector
RNA amounts at high MOI achieved around 10-fold (or slightly less than 10-fold) greater
values than at low MOI over 60 minutes (5.6-11.6 fold in HeLa cells and 4.4-7.9 fold in
CD34" cells) (Figure 2d). Equivalent or slightly smaller differences between high and low
MOIs were observed in human CD34" cells at all time points, compared to HeLa cells
(p<0.01 at 60 minutes). These data suggest that despite slower internalization of vector
genomic RNA, similar amounts of vector RNA can enter human CD34* cells, as compared
to HeLa cells. High MOI transduction can partially overcome the restriction in vector
internalization for both cells. Internalization may not be a major limiting step in human
CD34* cell transduction.

Evaluation of reverse transcription, nuclear transport, and integration with an HIV-1 vector
in HeLa and human CD34* cells

To compare reverse transcription, nuclear transport, and integration of vector genome
between HelLa and human CD34* cells, we determined vector DNA amounts from 2 hours
to 10 days after viral exposure by using gPCR. In HeLa cells, the vector DNA amounts
peaked at 24 hours at both high and low MOIs (MOI 0.5 and 5), corresponding to reverse
transcription, and reached a plateau level at 3 days at both MOls, corresponding to nuclear
transport and integration (Figure 3a). In human CD34* cells, we observed a gradual increase
of vector DNA amount with a peak at 24 hours at both MOIs (MOI 5 and 50), and the vector
DNA amounts decreased until 10 days at both MOls (Figure 3b). When we compared vector
DNA amounts in CD34* cells versus HelLa cells at the same MOI 5, much lower vector
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DNA amounts (3.3-55.3 fold) were observed in human CD34* cells (Figure 3c), which
represented a larger difference than vector RNA amounts between HelLa and human CD34*
cells (1.0-3.6 fold), suggesting that a step in reverse transcription limits lentiviral
transduction for human CD34* cells. The difference of vector DNA amounts between HelLa
and CD34" cells increased at 6 hours and decreased until 3 days, maybe due to slower
internalization and/or slower reverse transcription. When we compared vector DNA
amounts at high to low MOls, vector DNA amounts at high MOI in HeLa cells remained
around 10-fold (or slightly less than 10-fold) greater than at low MOI over 10 days (5.6-9.5
fold) (Figure 3d). In human CD34" cells, the difference of vector DNA amounts between
high and low MOlIs was larger at 2-6 hours (p<0.05) and smaller at 12 hours to 10 days
(p<0.05 except 3 and 5 days), compared to HeLa cells. These data suggest that human
CD34" cell transduction is limited by a step in reverse transcription around 12 hours after
viral exposure.

To evaluate serial steps of reverse transcription in lentiviral transduction, we designed
specific probe and primers, which can detect an initial phase of reverse transcription with
early LTR probe and primers, the middle phases with GFP or LV2 probe and primers, and
the final phase with late LTR probe and primers (Figure 4a). Using these probes and
primers, we evaluated vector DNA amounts in both HelLa cells (MOI 0.5 and 5) and human
CD34" cells (MOI 5 and 50) at 24 hours after viral exposure. Similar amounts of vector
DNA were observed among all probe and primer sets in both HeLa and CD34" cells at the
same MOI (Figures 4b and c). The vector amounts at high MOI achieved around 10-fold
greater values than at low MOI among all probe and primers in both HeLa and CD34" cells.
These data suggest that no limiting step exists once reverse transcription starts, and initiation
of reverse transcription may limit lentiviral transduction in human CD34" cells.

To determine the timing of nuclear transport and integration, we compared vector DNA
amounts between total DNA and nuclear DNA. Nuclear DNA was extracted from nuclear
fractions of both HeLa cells (MOI 5) and CD34* cells (MOI 50) after viral exposure,
isolated by a sucrose gradient. In both HeLa and CD34" cells, we observed lower vector
DNA amounts in nuclear DNA at 24 hours to 2 days as compared to total DNA (p<0.05
except HelLa cells at 2 days), while the vector amounts were equivalent between nuclear
DNA and total DNA at 3—-7 days (Figures 5a and b), suggesting that nuclear transport and
integration are completed by around 3 days. To evaluate efficiency of nuclear transport and
integration, we compared vector DNA amounts at 3 days (after integration) to 24 hours (a
peak of reverse transcription), which was in 15-22% in HeLa cells and 33-39% in human
CD34" cells (Figure 5c). These data suggest similar (or slightly higher) efficiency of nuclear
transport and integration in human CD34" cells, as compared to HeLa cells. Nuclear
transport and integration are not a major limiting step in lentiviral transduction for human
CD34" cells.

Hematopoietic stem cell expansion increases reverse transcription in human CD34* cells

To compare lentiviral transduction between different culture conditions among the same
donor’s human CD34" cells, we utilized an X-VIVO10 medium (as our standard) or a
Stemline 1l medium (with greater expansion), and evaluated vector DNA amounts in
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transduced CD34* cells from 12 hours to 7 days after viral exposure. In CD34" cells
transduced in Stemline 1l media, 2-fold higher cell expansion was observed 3 days after viral
exposure, compared to X-VIVO10 media (4.08+0.36 fold vs. 1.89+0.36 fold, p<0.01).
Lentiviral transduction in Stemline 11 media resulted in higher vector DNA amounts in
CD34" cells in vitro at all time points, even at 12 hours, as compared to X-VIVO10 media
(p<0.01 at all time points except 24 hours, Figure 6a). These data suggest that more efficient
reverse transcription results from human CD34* cell expansion during transduction.

In addition, to evaluate transduction efficiency for human hematopoietic repopulating cells,
we transduced human CD34* cells ex vivo with a GFP-expressing HIV-1 vector at MOI 50
in either X-VIVO10 or Stemline Il medium, and the transduced cells were transplanted into
immunodeficient mice (NOD/SCID/IL2Ry™!! mice) (Figure 6b). The proportion of human
CD45-positive cells (human cell engraftment) and %GFP in human cells were evaluated in
peripheral blood cells every 4 weeks until 24 weeks after transplantation. Ex vivo
transduction in Stemline Il media resulted in higher %GFP in human cells at all time points,
compared to X-VIVO10 (p<0.01), while human cell engraftment was reduced by Stemline II
media (p<0.05 at all time points except at 8 weeks, Figures 6¢ and d). These data suggest
that a Stemline Il HSC expansion medium can enhance reverse transcription, which results
in more efficient transduction in human CD34" cells in vitro and in xenografted mice;
however, this occurred at the cost of reduced engraftment ability.

Discussion

In this study, we demonstrate the kinetics of HIV-1 based lentiviral vector transduction in
human CD34* cells at various time points between low and high MOls, and show that
initiation of reverse transcription is a major limiting step in human CD34* cell transduction,
as compared to HeLa cells. The timing of nuclear transport and integration was evaluated by
vector amounts in nuclear DNA in human CD34* cells. Human CD34" cell culture in
Stemline 11 HSC expansion media enhanced reverse transcription as compared to our
standard X-VIVO10 media, which resulted in more efficient transduction for human CD34*
cellsinvitro and in xenografted mice.

Internalization in HIV-1 infection was reported to occur during 1 hour after in vitro
exposure [24], while internalization in vesicular stomatitis virus is a fast process within 2-3
minutes [25-27]. Before starting the current work, we expected that internalization of the
HIV-1 vector should occur in a few minutes, since our HIV-1 vector was pseudotyped with
a VSVG envelope. To our surprise, internalization of the HIV-1 vector was slower in both
HeLa cells (~30 minutes, Figure 2a) and human CD34* cells (>60 minutes, Figure 2b).
When we calculated the vector RNA ratios at high to low MOIs (Figure 2d), the vector RNA
ratios were slightly less than 10-fold in both cells (5.6-11.6 fold in HeLa cells and 4.4-7.9
fold in CD34" cells), and similar or slightly lower in human CD34* cells than HeLa cells.
These data suggest that the internalization step slightly limits lentiviral transduction;
however, it is not a major limiting step for human CD34™ cell transduction.

Previous reports demonstrated that after in vitro HIV-1 exposure, reverse transcription starts
at 5-8 hours [28], and viral DNA integration occurs as early as at 18 hours [28]. Separate
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reports estimated that during in vivo HIV-1 infection of human T-cells, reverse transcription
took up to 33 hours, and viral integration, about 5 hours [29]. In addition, slower reverse
transcription was reported in non-dividing cells, such as GO-arrested fibroblast cells,
macrophages, and quiescent lymphocytes [11, 30, 31], and reverse transcription was
detected at 36—48 hours in macrophages in vitro (nearly non-dividing) [30]. We observed an
increase of vector DNA amounts started by reverse transcription at 4 hours after viral
exposure, and the vector amounts reached a peak at 24 hours, which is consistent with long
period of reverse transcription (Figure 3b). These data also suggest that our cytokine
stimulation in an X-VIVO10 medium is sufficient to induce HIV-1 reverse transcription in
human CD34* cells, which should be important for efficient transduction. After 24 hours of
viral exposure, vector DNA amounts decreased in both cell types, which can be explained
by that reverse transcription has completed, and the transduction process has progressed to
nuclear transport and integration. When we evaluated the ratios of vector DNA amounts at
high to low MOls, we found that the vector DNA ratios in human CD34" cells started at
13.9-fold (2 hours) and gradually decreased to 4.7-fold (10 days), while the vector DNA
ratios in HeLa cells remained slightly less than 10-fold (5.6 to 9.5-fold) at all time points
(Figure 3d). The lower vector DNA ratios at 12 hours to 10 days in human CD34" cells
suggest that reverse transcription occurring around 12 hours is a major limitation in
lentiviral transduction for human CD34"* cells. Additionally, we evaluated serial steps of
reverse transcription at 24 hours after viral exposure (early, middle, and late steps), which
resulted in similar vector amounts among all steps (Figures 4b and c¢). These data suggest
that there is no limiting step during reverse transcription once it starts, and initiation of
reverse transcription (conversion from RNA to DNA) may limit lentiviral transduction in
human CD34* cells.

We then performed nuclear separation and evaluated vector DNA amounts in nuclear
fractions. In both cells, the vector amounts in nuclear DNAs were lower at 24 hours to 2
days and similar at 3—7 days, as compared to total DNA (Figures 5a and b). These data
suggest that no preintegration complex of vector genome remains in transduced cells at 3
days after viral exposure. This is consistent with the data that the vector DNA amounts were
stabilized at 3 days in HeLa cells (Figure 3a). To evaluate efficiency of nuclear transport
and/or integration, we compared vector DNA amounts of 3 days (after integration) to 24
hours (a peak of reverse transcription), and demonstrated similar efficiency between HelLa
cells (0.15-0.22) and CD34™ cells (0.33-0.39) (Figure 5¢). These data suggest that both
nuclear transport and integration are not major limiting steps in lentiviral transduction for
human CD34* cells.

It is well-known that HIV-1 vectors can transduce non-dividing cells in contrast to +-
retroviral vectors [11, 32], and the HIV-1 central DNA flap is crucial for nuclear transport
and transduction in human CD34" cells [33, 34]. Our HIV-1 vector construct contains the
DNA flap component, and we obtained efficient transduction (38.940.6%) in human CD34*
cells at MOI 50, suggesting that our HIV-1 vector including the DNA flap transduces
CD34" cells efficiently due to enhanced nuclear transport.

To evaluate lentiviral transduction among the same human CD34* cells using on another
cell culture condition, we compared a Stemline 11 HSC expansion medium to our a standard
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X-VIVO10 culture medium (same conditions except culture media). Human CD34* cell
culture in Stemline 11 media resulted in greater proliferation of cells at 3 days and higher
vector DNA amounts even at 12 hours after viral exposure (Figure 6a), suggesting that a
Stemline 1l medium increases reverse transcription as compared to an X-VIVO10 medium.
Our human CD34" cell in vitro and in xenografted mice data (Figures 6¢ and d) support that
higher cell expansion increased reverse transcription, which resulted in more efficient
transduction, at the price of lower long term cell engraftment. This is consistent with our
previous data, demonstrating that lower engraftment ability in transduced human CD34"*
cells by longer ex vivo culture and higher concentrations of cytokine stimulation [13]. In
efforts to improve engraftment of genetically modified cells, we (and others) performed ex
vivo expansion of transduced CD34* cells, which results in a significant reduction of
engraftment and more efficient transduction [13]. The balance between the positive effect on
transduction efficiency and the negative effect on reconstitution ability is important for ex
vivo culture of transduced CD347 cells.

In addition, HIV-1 infection is restricted by innate immune factors, such as tripartite motif-
containing protein 5 a (TRIM5a) [35, 36]. TRIM5a is a significant restriction factor for
retroviral species by targeting the capsids in a species-specific manner [37]. Rhesus
TRIM5a strongly inhibits HIV-1 vector transduction, while an HIV-1 vector can escape
from human TRIM5a restriction to achieve transduction [14, 21, 38, 39]. However, we
previously demonstrated that human TRIMb5a negatively affects transduction efficiency with
an HIV-1 vector in human CD34* cells [38]. These data suggest that human TRIM5a can
reduce HIV-1 genomic RNA (packaged in the capsids) in human CD34* cells, but should
not completely deplete the HIV-1 genome. We observed a slower increase of vector RNA
amounts in human CD34* cells (Figure 2b), which may be caused by TRIM5a, restriction.
High MOI transduction (MOI 50) increased both vector RNA amounts (Figure 2b) and DNA
amounts (Figure 3b) in human CD34* cells, suggesting that greater amounts of HIV-1
vectors can overcome the innate immune restriction in human CD34* cells.

We observed a plateau level of vector DNA amounts in HeLa cells at 3 days after viral
exposure (Figure 3a); however, in human CD34™* cells, vector amounts gradually decreased
in X-VIVO10 media (Figures 3b and 6a) but increased in Stemline 1l media (Figure 6a). The
transduced HeLa cells and non-transduced HeLa cells should have similar levels of
proliferation, since these cells are a monoclonal cell line, allowing a stable level of vector
DNA amounts during long term culture. On the other hand, CD34* cells contain various
populations of hematopoietic progenitor cells and HSCs, and the proliferation level of each
cell population should be affected by culture conditions including X-VIVO10 versus
Stemline Il media. Also, the proliferation levels of transduced CD34™ cells and non-
transduced CD34* cells should be different and affected by culture conditions (X-VIVO10
versus Stemline I1), potentially resulting in increasing or decreasing levels of vector DNA
amounts for a long term culture.

In summary, we demonstrate kinetics of HIV-1 vector transduction in human CD347 cells,

resulting in slower internalization (>60 minutes), a peak of reverse transcription at 24 hours,
and completion of internalization at 3 days. In our analysis, initiation of reverse transcription
is a major limiting step in lentiviral transduction for human CD34" cells. An HSC expansion
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medium could increase transduction efficiency for human hematopoietic repopulating cells
evaluated by humanized xenograft mice, likely due to stronger reverse transcription. These
data are helpful for the design of strategies to improve upon lentiviral transduction for
human CD34* cells.
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Highlights
»  We documented kinetics of HIV-1 vector transduction in human CD34* cells.
 Initiation of reverse transcription limits lentiviral transduction for CD34* cells.

»  Expansion media improve transduction for human hematopoietic repopulating
cells.
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Figure 1. Approach to determine a limitation step in human CD34" cell transduction
(a) We evaluated vector amounts in both HeLa and human CD34* at various time points,

which were transduced with a self-inactivating HIVV-1 vector at low and 10-fold higher
multiplicity of infection (MOI, 0.5 and 5 for HelLa cells, and 5 and 50 in CD34* cells).
Amounts of vector genomes were determined by quantitative PCR using RNA and DNA
samples. (b) We assayed each of four transduction steps (internalization, reverse
transcription, nuclear transport, and integration) based upon the rationale that if a given step
was not rate limiting, a 10-fold greater value would be obtained at the 10-fold higher MOI.
The ratios of vector genome amounts at high to low MOIs were compared between Hela
cells and CD34" cells to determine whether a limiting step exists for CD34" cell
transduction. When there are potential limiting steps in transduction for human CD34* cells,
the ratio of vector genome amounts at high to low MOIs would be <10-fold.
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Figure 2. Evaluation of vector RNA internalization in transduced HeL.a and human CD34" cells
(@) We determined vector RNA amounts in the cells for 5-60 minutes after viral exposure.

In HeLa cells, vector RNA amounts rapidly increased and then plateaued at 30 minutes. (b)
In human CD34" cells, vector RNA amounts gradually increased over 60 minutes. (c) We
calculated vector RNA ratios of CD34* cells to HeLa cells at same MOI 5, which resulted in
low vector RNA ratios (0.28-0.49) at 5-30 minutes and around 1 of vector RNA ratio at 60
minutes. (d) When we calculated the ratios of vector RNA amounts at high to low MOIs, the
vector RNA ratios were slightly less than 10-fold in both cells over 60 minutes. Equivalent
or slightly lower ratios were observed in human CD34" cells, compared to HeLa cells.
These data suggest that similar amounts of vector genome can enter human CD34* cells
even with slower internalization, as compared to HelL a cells.
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Figure 3. Evaluation of vector DNA amounts in transduced HeLLa and human CD34" cells
(a) To evaluate reverse transcription, nuclear transport, and integration, we determined

vector DNA amounts from 2 hours to 10 days after viral exposure. In HeLa cells, vector
DNA amounts peaked at 24 hours (corresponding to reverse transcription), and reached a
plateau level at 3 days (nuclear transport and integration). (b) In human CD34" cells, we
observed a slower increase of vector DNA amounts with a peak at 24 hours, and the vector
DNA amounts decreased until 10 days. (c) When we calculated vector DNA ratio of CD34*
cells to HeLa cells at same MOI 5, the vector DNA ratios were much lower than vector
RNA ratio of CD34* cells to HeLa cells at same MOI. The vector DNA ratios decreased for
6 hours and increased until 3 days, maybe due to slower internalization and/or reverse
transcription. (d) When we calculated the ratios of vector DNA amounts at high to low
MOls, the vector DNA ratios in HeLa cells remained slightly less than 10-fold over 10 days.
In human CD34" cells, higher vector DNA ratios at 2—6 hours and lower ratios at 12 hours
to 10 days were observed, as compared to HeLa cells. These data suggest that a step in
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reverse transcription around 12 hours is a major limit in lentiviral transduction for human
CD34" cells.
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Figure 4. Evaluation of serial steps of reverse transcription in transduced HeLa and human
CD34" cells

(a) We designed specific probe/primers to detect serial steps of reverse transcription in
lentiviral transduction, in which we can evaluate an initial phase of reverse transcription by
early LTR probe/primers, the middle phases by GFP probe/primers and LV2 probe/primers,
and the final phase by late LTR probe/primers. Using these probe/primers, we evaluated
vector DNA amounts in both HeLa cells (MOI 0.5 and 5) and human CD34* cells (MOI 5
and 50) at 24 hours after viral exposure. (b and ¢) We detected similar amounts of vector
DNA among all probe/primer sets in both HeLa cells (b) and CD34* cells (c) at the same
MOI. The ratios of vector amounts at high MOI to low MOI were around 10 among all
probe/primers in both HeLa and CD34™ cells. These data suggest that no limiting step exists
once reverse transcription starts, and initiation of reverse transcription (conversion from
RNA to DNA) may limit lentiviral transduction for human CD34* cells. y: packaging
signal.
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Figure 5. Evaluation of nuclear transport of vector DNA
We compared the vector DNA amounts between total DNA and nuclear DNA in transduced

HeLa cells (a) and human CD34* cells (b). Nuclear DNA was extracted from the nuclear
fractions of transduced cells, which were isolated by a sucrose gradient. In both cells, the
vector amounts in nuclear DNA were lower than total DNA at 24 hours to 2 days, and
similar at 3—7 days, suggesting that nuclear transport and integration are completed until 3
days. (c) We calculated vector DNA ratios of 3 days (after integration) to 24 hours (a peak
of reverse transcription), and observed similar DNA ratios between HeLa and CD34* cells.
These data suggest that efficiency of nuclear transport and integration is similar between
HeLa and CD34* cells.
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Figure 6. A hematopoietic stem cell expansion medium increases reverse transcription in human

CD34% cells

(a) We compared vector DNA amounts in human CD34" cells transduced in an X-VIVO10
medium (our standard) or a Stemline Il medium (greater expansion). Transduction in
Stemline 1l media resulted in higher vector DNA amounts even at 12 hours after viral
exposure, suggesting stronger reverse transcription in Stemline 11 media. (b) Human CD34*

cells were transduced with a GFP-expressing H

V-1 vector at MOI 50, and the transduced

cells were transplanted into immunodeficient mice (NOD/SCID/IL2Ry"!! mice) following
sublethally conditioning. (c and d) We evaluated the proportions of human CD45-positive
cells (human cell engraftment) and GFP-positive cells (%GFP) in peripheral blood cells of

xenografted mice. Ex vivo transduction in Stem
human cells and lower human cell engraftment.

line Il media resulted in higher %GFP in
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